Background: Pulse wave velocity (PWV), a measure of arterial stiffness strongly predictive of cardiovascular risk in adults, is usually measured by sequential ECGreferenced carotid and femoral tonometry. A simplified technique, more suitable for use in children, employs simultaneous volumetric recording from a sensor applied over the carotid artery and a cuff applied over the femoral artery or arm and thigh pressure cuffs applied over the brachial and femoral arteries. The purpose of this study was to compare PWV computed over the carotid-femoral path (PWVcf) with that over the brachial-femoral path (PWVbf) using a volumetric system (Vicorder) and to compare values of PWVcf obtained by the volumetric and a tonometric method (SphygmoCor) in children.
INTRODUCTION
P ulse wave velocity (PWV) is a measure of arterial stiffness which when measured along large elastic arteries such as the aorta is highly predictive of cardiovascular risk in adults [1] , particularly in patients with chronic kidney disease (CKD) [2] . Children with CKD, including those with established renal failure (ERF) requiring renal replacement therapy, have an increased risk of mortality secondary to cardiovascular disease, both during childhood and as young adults [3] [4] [5] . These young adults with 'childhood-onset' ERF exhibit mortality rates about 30-fold higher than age-matched peers with no renal disease [4, 5] . It is now widely accepted that the risk factors for these adverse cardiovascular events develop during childhood and that they are likely to evolve with progressive renal dysfunction [6] .
In these children with moderate to severe CKD, arterial stiffness may contribute to cardiovascular morbidity or mortality, either through remodelling of the left ventricle predisposing to sudden cardiac death [7] or through other mechanisms. Therefore, measurement of arterial stiffness in children with CKD may be particularly important. Reference values for PWV in children have recently been published [8] , which may aid evaluation of PWV in paediatric clinical studies.
Pulse wave velocity is usually measured between the carotid artery and the femoral artery by sequential ECG-referenced arterial applanation tonometry (using a pressure sensitive transducer to lightly compress the artery) or other arterial pressure or flow velocity sensors. The SphygmoCor system (AtCor Medical, Australia) uses ECG-referenced applanation tonometry and is one of the most widely used systems in adults for measurement of carotid-femoral PWV (PWVcf). There are some limitations of this system for use in children: tonometry requires a trained operator and access to the femoral artery in the inguinal area may be distressing particularly in adolescents.
The Vicorder PWV system (Skidmore Medical, UK) uses simultaneous volumetric pressure recordings from a sensor placed over the carotid artery and a thigh cuff placed over the femoral artery (which can be placed over light clothing) is less operator-dependent than a tonometric system and does not require the patient to undress. The Vicorder system can also be used to measure brachial-femoral PWV (PWVbf), whereby the proximal sensor is a cuff placed over the brachial artery. This may be more acceptable to young children than the neck cuff.
The relation of Vicorder brachial-femoral measurements to carotid-femoral measurements is unknown. Nor is it clear whether there is a close correlation between carotid-femoral measurements obtained by Vicorder and SphygmoCor systems. Good agreement between the devices has been reported in children and young adults [9, 10] , in older adults [11] and in pregnant women [12] . However, others have questioned the suitability of the Vicorder device as an alternative to more established methods [13] .
The purpose of this study was to compare PWVcf and PWVbf obtained using the Vicorder system and to compare values of PWVcf obtained by the Vicorder and SphygmoCor in children with and without CKD.
METHODS
One hundred and fifty-six patients were recruited from paediatric renal and hypertension outpatient clinics at the Evelina Children's Hospital, London, UK. The local research ethics committee approved the study, and written consent was obtained from all parents or guardians. In older children, written assent was also obtained. Seated blood pressure was measured in triplicate using a calibrated aneroid measurement by a single trained observer.
All 156 patients had measurements of both PWVcf and PWVbf by Vicorder. Measurements were performed supine using appropriately-sized cuffs as recommended by the manufacturer. Path lengths were determined using a measuring tape. The path length for PWVcf was taken as the distance from the suprasternal notch to the top of the thigh cuff, and that for PWVbf as the distance from the top of the arm cuff to the top of the thigh cuff. Three measurements were performed in each mode if the patient remained comfortable. Data were considered acceptable when there were at least five sequential good-quality waveforms obtained from each cuff.
Those patients who were able to tolerate the measurement also had measurements of PWVcf by SphygmoCor. SphygmoCor PWVcf path length was measured from the suprasternal notch to the femoral pulse at the point of applanation. Measurements were rejected if the SD of the mean transit time exceeded 6% (automatically flagged by SphygmoCor). As with Vicorder, measurements were done in triplicate whenever possible. All measurements were made by two experienced trained observers (L.K. and L.M.).
Data analysis was performed using SPSS 19.0 (SPSS, Chicago, Illinois, USA). Pearson's correlation was used to assess the correlation between measures obtained by the different methods. Mean and SD of differences between methods were calculated and presented as Bland-Altman plots. Within-patient SD and coefficients of variation (SD as percentage of mean) were used to assess the repeatability of successive measures. Linear regression analysis was used to test the association of PWV with age and blood pressure. The regression equation between PWVcf and PWVbf Vicorder was used to adjust PWVbf (Vicorder) to obtain the best estimate of PWVcf (Vicorder), by multiplying PWVbf by 0.67, the reciprocal of the slope of the regression of PWVbf vs. PWVcf and adjusting for the small average difference, 0.5 m/s, between the two measures.
RESULTS
One hundred and fifty-six children (42% female), aged 3-18 years, were recruited. Of these, 110 (71%) had CKD, 27 (17%) had hypertension and 19 (12%) were normal healthy individuals. There were no significant differences in clinical characteristics between the entire cohort and the subset able to tolerate carotid and femoral tonometry ( Table 1) .
Comparison of pulse wave velocity by Vicorder over carotid-femoral and brachial-femoral paths
The mean difference between Vicorder PWVcf and PWVbf was 1.81 AE 1.21 m/s. Vicorder PWVbf measurements were significantly higher than Vicorder PWVcf measurements (P < 0.001), but were closely correlated (R ¼ 0.75, P < 0.001; Fig. 1a ). Limits of agreement (LOA, ¼ mean difference AE 2SD) between Vicorder PWVcf and PWVbf were 0.62 to À4.25 m/s (Fig. 1b) , with a significant systematic difference between the two measurements. When corrected by linear regression to obtain the best prediction Of the 156 patients, 122 (78.2%) were able to tolerate carotid and femoral tonometry, with at least one valid result acquired. In comparison to the overall cohort, those with failed tonometry were significantly younger (9.84 AE 4.2 vs. 11.7 AE 3.6 years; P ¼ 0.008), but with no difference between groups for BMI (P ¼ 0.53) and sex (P ¼ 0.66). Declining tonometry (n ¼ 6), failure to stay still (n ¼ 6), and failure to palpate one or more pulse and/or poor-quality trace (n ¼ 5 each) were the commonest causes of failed tonometry. PWVcf by Vicorder was significantly lower than that measured by SphygmoCor (P < 0.001) and only moderately correlated with SphygmoCor PWVcf (R ¼ 0.50, P < 0.001; Fig. 2a ). The mean difference between Vicorder PWVcf and SphygmoCor PWVcf was 0.31 AE 0.88 m/s. The LoA between Vicorder PWVcf and SphygmoCor PWVcf were À1.46 to 2.07 m/s (Fig. 2b) . The path lengths used for the two instruments were highly correlated (R ¼ 0.84, P < 0.0001) and the correlation between Vicorder transit time and SphygmoCor transit time was similar to that between corresponding values of PWV (R ¼ 0.52 and R ¼ 0.50 for correlations between transit times and PWV, respectively; both P < 0.001). Vicorder PWVbf was marginally less well correlated with SphygmoCor PWVcf (R ¼ 0.451, P < 0.001), with a mean difference of 1.48 AE 4.54 m/s. Using corrected values of PWVbf against SphygmoCor PWVcf, the mean difference was À0.34 AE 1.11 m/s ( Fig. 3a and b) , with LoA À2.56 to 1.88 m/s. We observed no significant difference between boys and girls for the difference between corrected PWVbf (Vicorder) and SphygmoCor PWVcf (À0.43 vs. À0.22 m/s; P ¼ 0.49). Similarly, there was no significant difference by age subgroups (<10, 10-15, >15 years) for the difference between corrected PWVbf (Vicorder) and SphygmoCor PWVcf (Table 2) . 
Repeatability of Vicorder and SphygmoCor measurements
Within-patient coefficients of variation were calculated for those with at least two measurements for each device. Duplicate or triplicate PWVbf measurements were obtained for all patients. Six patients only had one PWVcf (Vicorder) recorded, as some measurements were discarded due to poor-quality traces or intolerance of the neck cuff. Of the 122 patients included in the SphygmoCor subset, 101 had duplicate or triplicate measurements of acceptable quality. The time taken to perform three consecutive measurements was approximately 5 and 10 min for Vicorder and SphygmoCor, respectively. Withinpatient variations for repeated measures were 5.9, 7.8, and 8.5% for PWVbf (Vicorder), PWVcf (Vicorder) and PWVcf (SphygmoCor), respectively.
Correlation of Vicorder and SphygmoCor measurements with age
Linear regression was used to determine the correlation between PWV and age for each device. Pearson's correlation coefficients were 0.50, 0.53 and 0.401 (each P < 0.001) for SphygmoCor, Vicorder PWVcf and Vicorder PWVbf (Fig. 4) . There was no significant difference in these correlation coefficients (P ¼ 0.36).
Discrimination of blood pressure with Vicorder and SphygmoCor
Two groups of children (n ¼ 20) at the extremes of the blood pressure distribution (and thus assumed to have stiff and compliant arteries for the high and low blood pressures, respectively), but matched for age, were used to test the discriminatory ability of the PWV measurements to detect stiff and compliant aortae. Receiver-operating characteristic curves show the sensitivity and specificity of the devices (Fig. 5) . The area under the curves was 0.913 [95% confidence interval (CI) 0.82-1.00] for PWVcf (SphygmoCor), 0.863 (95% CI 0.73-1.00) for PWVcf (Vicorder) and 0.900 (95% CI 0.78-1.00) for PWVbf (Vicorder). Therefore, there was no significant difference in the discriminatory ability of each method.
DISCUSSION
Carotid-femoral measurements have until recently been used to estimate large-artery PWV, but such an approach can be difficult to use, especially in children. In the present study, carotid-femoral tonometry data could not be acquired in 22% of our children (34 out of 156). Usually, this was due to practical problems in the younger children such as the need to sit still, difficulty in palpating pulses or obtaining traces of adequate quality. In a few patients with arrhythmias, such as benign sinus tachycardia of childhood, the SphygmoCor was unable to compute the PWV accurately. Although we do not have any formal data regarding tolerance and comfort of patients for either system, the Vicorder volumetric recording system was used successfully (for both carotid-femoral and brachial-femoral measurements) in all children, and measurements showed similar or better repeatability than those obtained using the SphygmoCor system. When comparing the repeatability and tolerability of Vicorder and SphygmoCor, it is important to note that our results could have been influenced by the order in which the instruments were used. When comparing the agreement between Vicorder PWVcf and SphygmoCor PWVcf, there was only moderate correlation and LoA were relatively broad. LoA for 
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Journal of Hypertension www.jhypertension.comcarotid-femoral measurements for the two devices were À1.46 to 2.07 m/s, slightly greater than the LoA of À1.0 to 1.7 m/s obtained by Kracht et al. [9] in a study on children and adolescents, the mean age (11.1 years) of which was similar to the children in our study (11.7 years). Our LoA were also slightly greater than those reported by Kis et al.
[10] (À0.91 to 2.1, using the manufacturer's recommended calculation of path length) in a slightly older group (mean age 16.7 years). Our LoA were, however, better than those reported by van Leeuwen Segarceanu et al. [13] , and thus sit within the range reported to date. Although the agreement between PWV obtained by the Vicorder and SphygmoCor methods has been described as 'excellent', it is worth noting that since the mean PWV with SphygmoCor was 5.62 m/s, a LOA value of 2 m/s represents an error of 36%. Thus, values of PWV obtained by the two methods can hardly be regarded as interchangeable. Differences between methods could arise as a result of inaccuracies in estimating the true path lengths, differences in the true path lengths, the point of pulse recording for the Vicorder system being distal to that for the SphygmoCor, and differences in estimation of the timing of the arterial pulse waveforms at the two sites. The close correlation between the estimates of path length used for the two systems and the fact that the correlation between transit times was similar to that between values of PWV suggest that differences arise in large part through differences in timing algorithms. It is also noteworthy that in other studies which have used a variety of correction factors to adjust for inaccuracies in estimation of length, the impact on the SD of the mean difference is negligible, which would again point to a difference in timing algorithm as the main source of variation between the methods. The SphygmoCor system (as in this study) is usually used with a well established intersecting tangent algorithm to identify the foot of the arterial pulse, whereas the Vicorder uses a cross-correlation algorithm which may be influenced by differences in waveform morphology between the carotid and femoral sites [14] . To our knowledge, this is the first study to evaluate the measurement of brachial-femoral PWV. This is an even simpler technique requiring very little user training, which is well tolerated by children. Good-quality waveforms can be acquired from most brachial arteries, with no venous artefacts, as are often seen with a neck cuff. The brachialfemoral measurement measures the difference between pulse transit from the aorta to brachial artery and aorta to femoral rather than that between the aorta to carotid and aorta to femoral. The two measurements might, therefore, be expected to differ because of the longer and more muscular route from the aorta to the brachial artery compared to that to the carotid: the right innominate being common to both routes but the former incorporating the subclavian and brachial arteries rather than just the common carotid. However, provided there is a close correlation between PWV in the carotid and subclavian/brachial arteries, PWV obtained over the two pathways might be expected to correlate well. This was indeed the case with a high correlation of R (0.75) between PWVbf and PWVcf. When adjusted for differences in estimation of path length, PWVbf by Vicorder agreed almost as well with SphygmoCor PWVcf as did PWVcf by Vicorder.
In conclusion, the Vicorder technique is easy to use, is well tolerated by children and gives excellent repeatability. Values obtained over the brachial-femoral path are closely correlated with those from the carotid-femoral path. However, Vicorder carotid-femoral values are only moderately correlated with those obtained from the SphygmoCor system, with the difference likely to be due to differences in the timing algorithms used in the two systems. Although measurements are not interchangeable, PWVbf appears as reproducible and as likely to discriminate between groups with differing arterial stiffness as other measures.
Since it is the simplest measure to use, we would recommend this is applied more widely in children and our findings tested in larger cohorts to ascertain its clinical utility.
Reviewers' Summary Evaluations
Reviewer 1
This study examines the measurement of carotid-femoral (aortic) and brachial-femoral pulse wave velocity in children, comparing volumetric cuff-based techniques with tonometric techniques. The finding is that although both techniques show general agreement, values are not readily interchangeable due to a significant systematic difference which increases with the magnitude of pulse wave velocity. In addition, a corrected volumetric brachial-femoral measurement is shown to provide a measure of aortic pulse wave velocity. This is of potential interest as a more convenient measurement of pulse wave velocity for screening procedures in children.
Reviewer 2
Keehn et al. present an interesting study on the evaluation of the pulse wave velocity in children with two noninvasive methods: the volumetric and a tonometric method and evaluate the measurement of the brachial-femoral vs. carotid-femoral pulse wave velocity. They used two different available systems (SphygmoCor and Vicorder) in a sequential manner in children. According to these results, both methods are not comparable with significant differences in measurement. The study raises the problem of this evaluation in children and emphasizes the need for populationbased studies to help clinicians using these automated systems on a routine basis.
